The proportional composition of cellulose, hemicellulose, lignin and minerals in a biomass plays a significant role in the proportion of pyrolysis products (bio-oil, char, and gases). Traditionally, the composition of biomass is chemically determined, which is a time consuming process. This paper presents the results of a preliminary investigation of a method using thermo-gravimetric analysis for predicting the fraction of cellulose and lignin in lignin-cellulose mixtures. The concept is based on a newly developed theory of Pyrolytic Unit Thermographs (PUT). The Pyrolytic Unit Thermograph (PUT) is a thermograph showing rate of change of biomass weight with respect to temperature for a unit weight loss. These PUTs were used as input for two predictive mathematical procedures that minimize noise to predict the fractional composition in unknown lignin-cellulose mixtures. The first model used linear correlations between cellulose/lignin content and peak decomposition rate while the second method used a system of linear equations. Results showed that both models predicted the composition of lignin-cellulose mixture within 7 to 18% of measured value. The promising results of this preliminary study will certainly motivate further refmement of this method through advanced research
INTRODUCTION

Empirical constant
Recently, research on energy production from renewable resources like biomass and organic waste has gained tremendous momentum in the scientific community and the industrial sector. The United States Departments of Energy and
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Agriculture (DOE and USDA) are strongly committed to expanding the role of biomass as an energy source and envision a 30 percent replacement of the current U. S. petroleum consumption with biofuels by 2030 [1] . Accomplishing this target will require one billion dry tons of biomass feed stock per year. It is estimated that more than 1.3 billion dry tons of biomass can be obtained from forest and agricultural resources for energy production. The state of Georgia has more than 18million dry tons of forestry biomass material annually available for energy production, which includes unused wood resources, harvesting residues, mill residues, urban wood waste, pecan shells, paper mill sludge, and black liquor solids [2] . Biological and thermal pathways are generally used for energy production from biomass. Biological pathways are limited to high starch/sugar content material, whereas thermal pathways work for all types of biomasses.
Co-firing, direct combustion, gasification, and pyrolysis are the known thermal options available for extracting energy from biomass [3-4-5-6-7] . The thermodynamics and kinetics of a thermal decomposition pyrolysis process for any biomass depend upon the fuel's composition and pyrolytic conditions [8-9-10] . Knowing the makeup of the biomass material enables the processor to use the most effective and efficient thermal process including pretreatment and process conditions Copyright © 2007 by ASME (temperature, pressure, etc.) Wet chemistry is currently the only known and widely accepted method to determine biomass composition; however, two attempts were recently made to determine biomass composition using NIR spectrography [11] [12] . Kelley [12] showed that NIR can be used to differentiate the chemical composition of a disparate set of agricultural biomass samples. The calibrations were good for lignin, glucose and xylose, but they were weaker for the minor sugars mannose, galactose, arabinose, and rhamose. Growing demand for testing different types of biomass to determine its composition provides an incentive to develop quicker, less expensive . methods. In some cases, e.g. single cell algae, the wet chermstry method does not work at all.
The long term goal of this study is to develop and evaluate a time efficient and cost effective method to determine biomass composition using Thermo Gravimetric Analysis (TGA). The method will provide a cost effective tool to industries laboratories and research universities. This paper presents th� theory behind the proposed method and preliminary validation of the theory using pure cellulose and lignin through the following objectives: Objectives 1. To prepare characteristic thermal decomposition curves also called a Pyrolytic Unit Thermographs (PUTs) for cellulose, lignin, and lignin-cellulose mixtures using TGA. 2. To predict the composition of lignin-cellulose mixtures using PUTs of cellulose and lignin.
�he Pyrolytic Unit Thermograph (PUT) is a thermograph showmg the rate of change with respect to temperature of the weight of biomass for a unit weight loss.
MATERIALS AND METHODS
Theory behind the TGA method
In the last two decades, extensive research has been conducted to understand the thermal decomposition of biomass forming bio-oil, char and gaseous products under pyrolytic conditions. Saxby and Sato [13] showed that the initial composition of the feedstock mixture had a direct correlation on the product distribution and properties resulting from pyrolysis. Raveendran [10] reported that each kind of biomass has a characteristic pyrolysis behavior which was explained based on its individual composition and component characteristics. Raveendran [10] mentioned that ash, which is mainly minerals and silica, present in biomass strongly affect both the pyrolysis characteristics and the product distribution. Cellulose, lignin, hemicellulose and ash content in the biomass determine the proportion of char, bio-oil and gas produced from pyrolysis. According to that report the way in which components are bound (chemically) is not as important as the actual amounts of individual components present in a particular biomass. The model proposed here is an inverse application of 220 Raveeendran's [10] model using normalized differential thermograms (d.t.g) also called "PUT's". Objective 1 and 2 are based on the determination of biomass composition using TGA. Raveendran [10] showed the relationship among the rate of correlated derivative weight loss ([(dwldt)bl), the experimental derivative weight loss c[(dwldt)b] E ) and Xc, Xh, XI. Xe, Xa, and Xs i which are the initial fractions of cellulose, hemicellulose, lignin, extractives initial silica free ash, and silica respectively in a biomass. Thes� relationships were expressed through the following equations:
Where, (dw/dt)c, (dw/dt)h, (dw/dt)h and (dw/dt)e were derivative weight loss of cellulose, hemicellulose, lignin, and extractives and were directly obtained from the individual differential thermograms (d.t.g) curves obtained under similar sets of experimental conditions. Empirical constants A = 0.5, n1 = 8.5, and n2 = 7.0 were estimated using experimental data for coir pith, com cob, groundnut shell, rice husk, rice straw, and subabul wood biomasses. Using these equations, Raveendran concluded that if the fractional composition of biomass and thermal decomposition behavior of its components are known, then the thermal decomposition behavior of biomass can be predicted. The hypothesis of this research was the inverse of that concluded by Raveendran [10] -that knowing the thermal decomposition of biomass and a standard characteristic curve (PUT) for its individual components, the fractional composition of biomass can be predicted. To do this our first step was to develop the Pyrolytic Unit Thermograph (PUT) which can be defined as:
"The Pyrolytic Unit Thermograph (PUT) is a thermograph showing the rate of change with respect to temperature of the weight of biomass for a unit weight loss under given pyrolytic conditions (sample size heating rate, peak temperature, and inert gas flow rate) in a TGA .. In Raveendran's [10] correction factor = [A-f(Xh XSi, and Xa)], the value of XSi, and Xa can be determined experimentally. So for every temperature, the correction factor will be expressed as a function of XI. Experimental data will become correlated data when the correction factor = f(XI) is used for a given temperature. Writing equation 1 for three different known temperatures T\, T2, and T3 generates three equations and four unknowns Xc, Xh, XI. and X •. Integration of Eq. (I), when used for PUTs, gives the conditional equation as: (4) Now solving this system of four equations, the values of Xc, Xh, XI. and X. can be obtained. In order to minimize the noise or error, all sets of temperature points can be chosen. The solution resulting from the equations resulting from these sets of temperature will give possible values of Xc, Xh, XI. and X •. The histograms can be plotted for possible values of Xc, Xh, XI. and X. to select their best values.
In this study, the above theory was applied to the relatively simple cases of pure cellulose, pure lignin, and lignin-cellulose mixtures using PUT curves for lignin and cellulose. If the theory worked for these relatively simple mixes, these results would justify a heavier investment of resources to test the theory for more complicated mixtures representing real biomass. For the simple case investigated in this study, Eq. [(�;lL = (�;1 *Xc+ (�;l *X/ (5)
Equation (3) defmes the correction factor as [A-f(X h XSi, and Xa)]. Since pure cellulose and lignin were used in this study, for which the XSi, and Xa, were almost zero, the correction factor in Eq.(3) reduced to a constant "A ". Under the condition of zero ash and silica content, Eq. (2) took the form of Eq. (7). To complete objective 1, the cellulose and lignin samples were pyrolyzed in a Thermo-gravimetric analyzer (TGNSDTA 851 Mettler Toledo). Five mixtures of lignin-cellulose (LI C l; LIC2; LIC3, LIC4, and LIC5 with lignin:cellulose ratios = 1: l, 1:2, 1 :3, 1 :4, and 1 :5, respectively) were also pyrolyzed under similar conditions. TGA analyses were performed on each component at a heating rate of 5°C per minute and between 25°C and 600°C in a single segment. The output data from TGA analysis was used to prepare a PUT of cellulose, lignin, and lignin-cellulose mixtures. The Pyrolytic Unit Thermographs (PUT's) of cellulose, lignin and its mixtures from this objective were used as input for step 2. In step two, Eq. 5 and the PUT's of lignin-cellulose mixtures were used to prepare the correlated PUT's of lignin-cellulose mixtures LI C 1 and L 1 C2. These correlated PUT's of both mixtures were compared with experimentally derived PUT's of the same two mixtures using Eq. 7. Comparison of the correlated and experimental PUT's of the two mixtures suggested a possible adjustment for correction factor 'A' . These adjustments and PUT's derived in step 1 were used as input to objective 2. To achieve objective 2, two independent approaches were taken.
In the first approach the linear correlation between cellulose content and peak decomposition rate of the cellulose peak were developed using PUT data for mixtures L I C 1, LIC2, LIC5, and pure cellulose. Two similar relationships were established for lignin content and peak decomposition rate using PUT data for mixtures LICl, LlC2, LIC5, and pure lignin. These three correlations were used to predict the composition of lignin-cellulose mixtures Ll C3 and L 1 C4.
In the second approach, adjustment for correction factor 'A' and the PUTs prepared in step I were used as input for Eq. (5), Eq. (6) and Eq. (7) for each of the lignin-cellulose mixtures. All the solutions obtained for a given lignin-cellulose mixture were plotted on a frequency distribution histogram with frequency interval of 1 %. The mean value of the Copyright © 2007 by ASME frequency class interval for the highest frequency was assigned as the value of cellulose content having that mixture.
RESULTS AND DISCUSSIONS
The d.t.g curves obtained from the TGA analysis of cellulose and lignin were normalized to get the Pyrolytic Unit Thermograph (PUT) for cellulose and lignin shown in Fig. 1 
Adjustments for correction factor
To test the theory that the PUT of the lignin-cellulose mixture can be expressed as a linear combination of PUT's of cellulose and lignin, a known mixture of lignin-cellulose coded LlCI (lignin: cellulose = 1:1) was used. Equation (4) was used with values of Xc and XI equal to 0.5 to construct a correlated PUT for the LlCI mixture (Fig. 2) . 222
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Correlated and experimental decomposition rate Reference temperature. deg. C Figure 2 . The PUT for lignin-cellulose mixture LlCI was prepared from experimental TGA data and from correlation of PUT's for cellulose and lignin using Eq. 4.
In Fig. 2 , the experimental PUT of LlCI mixture showed deviations from the correlated PUT at peaks. The higher the peak the larger the deviation was. In the case of real biomass, Raveendran [10] accounted this deviation to the presence of ash, silica mineral interaction with lignin content and the effect of density and porosity. According to him, the constant value of correction factor "A" in Eq. (7) must take care of the deviation. The mathematically calculated value of the correction factor "A" using Fig. 2 and Eq. (7) is shown in Fig. 3 . A similar pattern of correlated and experimental PUT's were noticed for another lignin-cellulose mixture Ll C2 (lignin: cellulose = 1:2) . It was evident from Fig. 3 that there was no constant value for correction factor 'A'. The value of "A" suggested by Raveendran didn't work for this situation. While looking for the temperature dependence of A, we tried to fit linear, polynomial, exponential, power, logarithmic, and Arrhenius models on A = f(T) but we couldn't come up with a particular solution. Hence some other adjustments must be made to nullify the deviations between experimental and correlated PUT's shown in Fig. 2 .
Copyright © 2007 by ASME Referenco temperature. deg. C 600 700 Figure 3 . The value of correction factor 'A' of two mixtures matches at most of the temperatures but deviated in temperature zones with high decomposition rate of cellulose.
To understand these possible adjustments, PUT's of cellulose, lignin, LICl and LIC2 were plotted in one coordinate axis (Fig. 4) . Certainly, the difference between experimental and correlated data is due to the presence of lignin. The lignin used in this experiment was higher in density and lower in porosity compared to cellulose powder. The resulting mixture of lignin and cellulose was denser and less porous than cellulose. The mixing of the two would result in uneven pore distribution in the mixture, thus changing the mass transfer coefficient. The changed mass transfer properties produced the shifted peaks in the experimental data. To make other adjustments for the correction factor "A" or shifted peaks, the correction factor were visualized as two components: 1. T shift on temperature (x) axis; and 2. Peak drop on decomposition rate (y) axis. In this study we ignored peak drop to avoid complexity in the preliminary study and accounted the correction factor only for temperature correction. Figure 4 showed that the PUT of the lignin-cellulose mixture retained the distinct peaks for lignin and cellulose. Note that we discounted the component interaction because Raveendran [10] experimentally proved that the interaction among the biomass components during pyrolysis IS insignificant. PUT's of cellulose, lignin, L 1 C 1, and L 1 C2 were plotted in one coordinated system. It was noticed that both major decomposition peaks for lignin occurred at 271.5 'C and 441.5 'C respectively for pure lignin, LIC1, and LIC2. The decomposition peak for pure cellulose didn't align with the cellulose peaks in two mixtures.
Neither lignin peak shifted on the temperature scale and occurred at 27 1 .5 'C and 44 1.5 'C respectively; however, the cellulose peak showed a shift of 15.16 'C and 14.58 'C for mixtures LICl and LIC2 respectively with respect to the original cellulose peak. Similarly, the temperature correction for the other three mixtures LlC3, LlC4, and LlC5 were 9.92 'C, 9.33 'C, and 8.75 'C respectively. Shifting the cellulose PUT by 15.66 'C for mixture LlCI perfectly aligned all three peaks (Fig.5) . 
Lignin 400 600
Reference temperature. deg. C 800 Figure 5 . All the decomposition peaks aligned when cellulose PUT was shifted by 15.66 'C So, the experimental data becomes correlated data when temperature correction is applied to the pure cellulose PUT. This can be expressed mathematically into Eq. (8) given below:
Now the mixture compositions were predicted using two approaches discussed in the experimental procedure section. The two equations Eq. (8) and Eq. (6) were solved for cellulose content for every reference temperature while predicting the cellulose content using the second approach.
Prediction of Mixture Composition (a) Using Linear Correlation
The temperatures at the three peaks were nearly 271.5 ·C, 349.33 ·C and 441.5 ·C respectively. At these three peak locations, the decomposition rate was plotted against cellulose content and lignin content according to the first approach for the prediction of composition. The linear relationship (R-square = 0.95) was obtained between cellulose content and peak decomposition rate at temperature close to 349.33 ·C. Similarly, the linear relationship between lignin content and peak decomposition rate approximately at the temperatures of 271.5 ·C and 441.5 ·C resulted in R-square values of 0.99 and 0.99 respectively (Fig. 6) . Other models like polynomial or logarithmic may fit the data but with little improvement in R-square. Since the simplest relationship with reasonable accuracy was preferred, 224 the linear relationships shown in Fig. 6 were used to predict the composition of unknown mixtures (Table 1) . The errors in the prediction of cellulose fraction in the mixtures were -7.0, 0, lA, 5.3, and 4.3 percent for mixtures LICl, LIC2, LIC3, LIC4 and LIC5 respectively. The errors increased with the increase in lignin fraction (R-square = 0.95).
(b) Solving a System of Linear Equations
The results of the second approach for the prediction of composition are shown in Table 2 . The predicted cellulose and lignin content shown in the table were computed by solving the system of linear equations (Eq. (8) and Eq. (6)) for mixtures LIC1, LIC2, LIC3, LIC4, and LIC5. The predicted cellulose contents thus obtained were plotted against its frequency distribution (frequency interval of 1%). The frequency distribution of the solution for two mixtures LICI and LIC2 are shown in Figure 7 . The errors in the prediction of cellulose fraction in the mixtures were 18.0, 17.7, lOA, 7.1, and 7.9 percent for mixtures LICl, LIC2, LIC3, LIC4 and LIC5 respectively. The errors increased with the increase in lignin fraction (R square = 0.79).
Copyright © 2007 by ASME The prediction of the composItion of lignin-cellulose mixtures can be determined using TGA; however, this method needs further refinement. The possible sources of error are changed density, specimen size, environment around the TGA equipment, and analytical error in the absence of a computer model for mathematical analysis. It is important to remember while interpreting these results that only temperature correction was used to nullify the effect of density; however, another effect, "peak drop," was neglected. Proving the concept on pure compounds and its mixtures supports further testing on real biomasses. While testing real biomass, the correction factor may be approached by two methods. First, account for peak drop by developing a correlation between physical properties of cellulose, lignin, and mixture (like crystallinity, porosity, density, particle size, and mass transfer coefficient) and peak drop. The model may also be improved by incorporating a lignin ratio factor (methoxy to phenylpropanoid) that could 225 account for the derivative weight loss variability in lignin from softwoods to hardwoods to grasses. Second, use Raveendran's correction factor = [A-f(X\, Xs, and Xa)] where experimentally measured values for Xs, and Xa will be used. So for every temperature, the correction factor will be expressed as a function of Xl. Experimental data will become correlated data when the correction factor = f(Xl) is used for a given temperature .
The mass transfer behavior is also affected by variation in sample size. Increasing the sample size in a given TGA crucible increases the thickness of the material giving more resistance to volatile transfer. So using a TGA system having a crucible large enough to hold 15 mg or more material in almost a single layer gives every particle an equal opportunity for mass transfer controlling the effect of porosity. The idea of using large diameter crucible is supported by the need for large sample sizes required to test heterogeneous biomasses. The TGA instrument is very sensitive to mechanical vibration coming from its surroundings. These vibrations are generally reflected in the output data in the form of false peaks. The last major source of error could be analytical analysis. This error can be reduced by developing a computer model to analyze the data.
CONCLUSIONS
In light of this study and suggested possible refinements, TGA has the potential to determine biomass composition. The following conclusions from the present study provide a foundation for the development of a more robust method.
1. The basic theory of determination of biomass composition was developed and validated for the lignin-cellulose mixtures. 2. The Pyrolytic Unit Thermographs (PUT's) were prepared for cellulose, lignin, and mixtures of the two, and it was demonstrated that they can represent characteristic curves for a given component of biomass. 3. Linear correlations for three peaks in a lignin-cellulose mixture were developed. These correlations predicted the cellulose fraction in the lignin-cellulose mixture with a maximum 7% error. 4. The cellulose fraction in lignin-cellulose mixtures was also determined using the basic theory developed by solving the system of linear equations resulting in a maximum 18% error.
The theory proved here may be applied to determine the composition of actual biomass using the experimental approach described by Raveendran [10] . The major focus of this research should be the development of correlation to take care of the effect of density or porosity and specimen size. This correlation should account for the influence of ash and mineral content on pyrolysis rate and the extent of devolatilization and char burnout as observed in the decomposition rate thermograms.
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